A sequential light and electron microscopic study of the exorbital and Harderian lacrimal glands was done on 2.5-to 15-month-old Wistar rats exposed to sialodacryoadenitis (SDA) virus. Typical coronaviral particles were readily demonstrated in cytoplasmic vesicles of Harderian and exorbital glands examined at 6 days post-inoculation. Lesions were seen in a relatively high percentage of lacrimal glands in infected animals of all ages, with no obvious age-related variations in the incidence and extent of changes. Lesions frequently persisted for a longer interval post-exposure in lacrimal glands than in salivary glands. The persistence of lesions commonly seen in Harderian glands was attributed, at least in part, to the cytotoxic effects of porphyrincontaining secretions released during the acute necrotizing stages of the disease. The persistence of lesions in some lacrimal glands indicates that they are useful tissues for microscopic examination for the retrospective provisional diagnosis of SDA. Persistent lesions also indicate that normal functions of these glands may be compromised for up to several weeks following outbreaks of SDA.
Sialodacryoadenitis (SDA) virus is a naturally occurring coronavirus infection in the laboratory rat. Lesions associated with the disease include destructive sialoadenitis of the submandibular (submaxillary) and parotid salivary glands, necrotizing dacryoadenitis involving exorbital and Harderian lacrimal g l a n d~,~,~,~J~ and transient rhinitis, tracheobronchitis, and alveoli-tis7s20 Permanent ocular lesions secondary to lacrimal gland damage may also O C C U~.~J~ Sequential changes seen in the salivary glands of rats with SDA have been characterized by light and electron m i c r o~c o p y .~,~J~ However, to date, similar studies have not been done on lacrimal glands during the course of the disease. The purpose of this study was two-fold: (1) to characterize the sequential changes seen in the exorbital and Harderian lacrimal glands in SDA virus-infected rats by light and electron microscopy, and (2) to compare the incidence and extent of lesions in lacrimal and salivary glands in Wistar rats of different ages during the course of the disease.
Materials and Methods
Specific pathogen-free male Crl : (WI) BR Wistar rats 2.5 to 15 months of age which were serologically negative for antibodies to sialodacryoadenitis (SDA) virus were obtained from a commercial supplier (Charles River Laboratories, St. Constant, Quebec). A group of 18 female Wistar rats obtained from the same supplier at 2.5 to 3 months of age were also included in the study. A total of 109 animals were evaluated. Animals were housed two per cage in polycarbonate cages with hardwood bedding, and fed a commercial ration (Purina Rodent Laboratory Chow, Ralston Purina Co., St. Louis, MO). Rats were inoculated intranasally with SDA virus as previously described.12 Inoculated and control rats were killed at 6, 7, 8, 10, 12, 14, and 21 days post-inoculation (pi) by an overdose of sodium pentobarbital (Somnotol, MTC Pharmaceuticals, Mississauga, Ontario) administered intraperitoneally. Blood was collected for serology by cardiac puncture. Serum antibody was detected using the indirect immunofluorescence test15 or the ELISA test (Organon Teknika Corporation, Durham, NC). Tissues collected for light microscopy were processed as previously described. l 2 Selected tissues were stained to demonstrate viral antigen using the indirect immunofluorescence te~hnique.~ Lacrimal glands for electron microscopy were minced, fixed in 242.5% glutaraldehyde or Karnovsky's fixative, and embedded in Epon. One-pm-thick sections were stained with toluidine blue. In all inoculated and control animals, a comparison was made on the incidence and extent of lesions in the lacrimal and salivary glands during the course of the disease. Sections of lacrimal and salivary glands were evaluated histologically according to the incidence, distribution, and intensity of lesions. Those with demonstrable lesions were graded as follows: single to multiple foci in < 50% of the gland = 1; multifocal areas in > 50% of the gland or localized confluent area = 2; two or more confluent lesions in individual glands = 3. No attempt was made to categorize lesions according to the duration and the nature of the inflammatory response. Selected tissues sectioned for electron microscopy were stained with uranyl acetate and lead citrate, then examined in a Hitachi HS-9 or Jeol 1005 electron microscope.
Results
Sialodacryoadenitis (SDA) virus-inoculated rats frequently exhibited clinical signs as previously de- scribed.8J2 In inoculated rats killed at 6 to 8 days postinoculation (pi), frequently there was marked swelling of the parotid and submandibular salivary glands. Exorbital glands were also swollen in some inoculated rats necropsied at this stage, with marked interlobular edema. Non-inoculated control rats remained normal throughout the study.
Histopathology
The changes present in the salivary glands of rats with SDA have been characterized by light and electron m i c r o~c o p y .~~~~~~ In a comparison of the incidence of lesions in available salivary and lacrimal glands from rats of all ages, lesions were most frequently detected in parotid salivary glands, followed by lacrimal glands (Fig. 1) . SDA virus-associated lesions occurred more frequently in Harderian glands of rats examined at 10 or more days pi (Table 1; Fig. l ), and the intensity of lesions in the lacrimal glands in general persisted longer than in the salivary glands. In a comparison of the agerelated variations in the incidence of lesions in lacrimal and salivary glands (data not shown), changes were as follows: 2.5 to 5 months versus 6 to 15 months; Harderian gland: 64% versus 72%; exorbital gland: 79% versus 92%; parotid gland: 95% versus 83%; submandibular gland: 30% versus 46%, respectively. The incidence and distribution of lesions seen in the lacrimal and salivary glands of female rats examined in this study were similar to those seen in the males.
Harderian gland
In control toluidine blue-stained 1 -pm sections, the typical tubuloalveolar glandular pattern with cytoplasmic vacuolation was seen. Alpha (type A) and / 3 (type B) cells were identified. The majority of epithelial cells were a cells and were characterized by marked cytoplasmic vacuolation (Fig. 2) . Collections of homogeneous, jade to olive-green globules present in the cytoplasm of epithelial cells and in the acinar lumen were interpreted to be porphyrin-containing substances. On electron microscopy, abundant organelles and cytoplasmic inclusions were seen in a and /3 cells.
In SDA virus-infected glands examined by light and electron microscopy at 6 days pi, there was marked interstitial edema, focal effacement of the normal architecture in affected glands, and irregular vacuolation of the cytoplasm of affected epithelial cells. A sprinkling of neutrophils was present within damaged acini and in the interstitial regions. By electron microscopy, fragmentation and degeneration of organelles and prominent membranous profiles were frequently seen. Electron-dense, linear to homogeneous, irregular structures were present in large cytoplasmic vacuoles. Typical coronaviral particles were demonstrated in cytoplasmic vacuoles in some affected cells (Fig. 3) . In glands examined at 8 to 10 days pi by light microscopy, a prominent cellular infiltrate in the interstitial regions consisted of macrophages, lymphocytes, and scattered neutrophils. Affected structures were lined by irregular, vacuolated epithelial cells, and homogeneous light green globules interpreted to be porphyrins were present within dilated tubuloalveolar glands and in the interstitial regions. By electron microscopy, irregular lakes of homogeneous material were seen in the cytosol of epithelial cells and within macrophages in the interstitial regions (Fig. 4) . At 12 to 14 days pi in affected areas of Harderian gland examined by light microscopy, many tubuloalveolar structures were dilated, distorted, lined by flattened epithelial cells, and contained globules and cellular debris (Fig. 5 ). Epithelial cells frequently had polyhedral cytoplasmic outlines and prominent intercellular processes consistent with squamous metaplasia. Interstitial fibrosis was a prominent feature at this stage of the disease. By electron microscopy, marked squamous metaplasia of epithelial cells and mononuclear and polymorphonuclear cell infiltration were seen in affected areas ( Fig. 6 ). At 2 1 days post-exposure to SDA virus, frequently there were extensive lesions similar to those previously described. 18 Frequently, homogeneous globular masses were present within dilated tubuloalveolar structures and in the interstitial regions ( Fig. 7) . Similar material was present in scattered macrophages. Squamous metaplasia was evident in epithelial cells lining some ducts and acini. Abundant collagenous tissue in the interstitial regions was seen by electron microscopy. The cellular infiltrate consisted primarily of macrophages, lymphocytes, and plasma cells. Angular epithelial cells with prominent intercellular cytoplasmic processes consistent with squamous metaplasia were present in some affected areas.
Exorbital gland
In control glands examined by light microscopy, there was a marked variation in the nuclear size of epithelial cells lining acini, particularly in older male rats (Fig.  8 ). Frequently, control male rats examined at 6 or more months of age had prominent acinar structures identical to Harderian gland tissue within lobules ( Fig. 9 ). Intranuclear inclusions present in some epithelial cells of the exorbital glands were interpreted to be due to invaginations of the cell cytoplasm. In control glands examined by electron microscopy, there were prominent endoplasmic reticulum and secretory vacuoles present in the cytosol. In sections of exorbital gland examined at 6 to 8 days pi with SDA virus, interlobular edema, cytoplasmic vacuolation of affected acinar cells, and effacement of the normal architecture were commonly seen (Fig. 10 ). Ultrastructural studies of exorbital glands revealed typical coronaviral particles within cytoplasmic vesicles (Fig. 1 1) . At 10 to 14 days pi with SDA virus, distortion of glandular structures, marked mononuclear cell infiltration, and squamous metaplasia of epithelial cells were prominent features at this stage of the disease (Fig. 12 ). Ultrastructural studies of exorbital glands revealed degeneration of epithelial cells and reduction in the size of acini in affected areas. At 14 days pi, changes were consistent with squamous metaplasia. At 21 days pi with SDA virus, lesions were usually localized to individual lobules and consisted of focal mononuclear cell infiltrates and acini lined by flattened epithelial cells. Exorbital glands with persistent lesions included those with islands of clearly delineated Harderian gland acini.
Serology and immunofluorescent microscopy
Antibody to SDA virus was demonstrable as early as 8 days pi with SDA virus. Non-inoculated controls were consistently negative throughout the study. In selected tissues prepared for immunofluorescence microscopy, viral antigen was demonstrated in affected lacrimal and salivary glands examined at 6 days pi. Viral antigen was rarely demonstrated at 8 days pi and was not present in animals examined later than 8 days pi. Control tissues were consistently negative for viral antigen.
Discussion

Harderian gland
The Harderian gland is a tubuloalveolar lacrimal gland present in amphibians, reptiles, birds, and some mammals, but it is vestigial or absent in prirnate~.~J~ The gland synthesizes both lipids and porphyrins in the laboratory rat. It has been proposed that the porphyrin concentrations and content may represent a system for individual recognition in rodents based on Harderian gland-produced olfactory cues. l o In the Mongolian gerbil, the Harderian gland has been shown to play a role in chemocommunication and in thermoregulation. 16 In the rat, it was suggested that the Harderian gland may function as an extraretinal photoreceptor which could influence the development of Infiltrating lymphocytes (L). Bar = 3.33 pm. the visual cortex during the neonatal period. 19 Castration has not produced significant alterations in the histological appearance of the Harderian gland in the laboratory rat.2 However, the glands undergo atrophy in hypophysectomized rats.I3 Harderian glands of rats, mice, hamsters, and gerbils contain porphyrins which emit a red fluorescence under ultraviolet light. The porphyrins appear to be primarily protoporphyrin IX in the rat, and trilaminar profiles present in the cytoplasm and in the luminal secretions have been interpreted to be structures containing this sub~tance.~ It has been proposed that in rats, porphyrins may be released into the acinar lumen through death of epithelial cells.4
Exorbital gland
Exorbital glands are reported to approach maximum size and weight in both male and female laboratory rats at 100 days of age. l 7 In females, the weight remains relatively constant throughout the rest of their life.' However, in males, there is a gradual decline in gland weight evident at 700 to 1,000 days. 17 In the exorbital gland of males examined at 3 or more months of age, giant nuclei, polyploidy, and prominent nucleoli are a feature in many acini. The intranuclear "inclusions" occasionally seen are due to cytoplasmic indentations into the nucleus.6 Some acini in older animals may now resemble those seen in the normal Harderian
In sexually mature male rats, exorbital glands revert to the "neutral" type of morphology following castration. Following the administration of testosterone, there is transformation to the histological pattern seen in intact Thus, the exorbital glands of the laboratory rat appear to be sexually dimorphic structures which are very responsive to androgen^.^
Sialodacryoadenitis (SDA)-associated lesions
Based on our comparisons of the incidence, distribution, and intensity of lesions in the lacrimal and salivary glands in Wistar rats, there are no obvious age-related variations in susceptibility to SDA virus evident up to 15 months. The persistence of lesions in some of the SDA virus-infected Harderian glands is attributable to the release of secretions from acini during the acute destructive phases of the disease. These porphyrin-containing materials may reside in the interstitial regions for several weeks, with concurrent in the cytoplasmic vesicles of epithelial cells of Harderian and exorbital glands examined at 6 days pi. Although coronaviral particles have been demonstrated in the salivary glands of rats with SDA,8 frequently even a detailed search of affected glands collected during the acute stage of the disease fails to demonstrate virus (D. H. Percy, unpublished observations). The incidence and persistence of lesions in Harderian and exorbital glands serve to emphasize the important role of the lacrimal glands in replicating virus during the course of the disease. These glands are also particularly useful for histological assessment for a retrospective provisional diagnosis of SDA following a suspected outbreak of the disease. The persistence of lesions seen in some lacrimal glands suggests that the normal functions of these glands may be compromised for up to several weeks following outbreaks of SDA.
